Primary envelopment of several herpesviruses has been shown to occur by budding of intranuclear capsids through the inner nuclear membrane. By subsequent fusion of the primary envelope with the outer nuclear membrane, capsids are released into the cytoplasm and gain their final envelope by budding into vesicles in the trans-Golgi area. We show here that the product of the UL34 gene of pseudorabies virus, an alphaherpesvirus of swine, is localized in transfected and infected cells in the nuclear membrane. It is also detected in the envelope of virions in the perinuclear space but is undetectable in intracytoplasmic and extracellular enveloped virus particles. Conversely, the tegument protein UL49 is present in mature virus particles and absent from perinuclear virions. In the absence of the UL34 protein, acquisition of the primary envelope is blocked and neither virus particles in the perinuclear space nor intracytoplasmic capsids or virions are observed. However, light particles which label with the anti-UL49 serum are formed in the cytoplasm. We conclude that the UL34 protein is required for primary envelopment, that the primary envelope is biochemically different from the final envelope in that it contains the UL34 protein, and that perinuclear virions lack the tegument protein UL49, which is present in mature virions. Thus, we provide additional evidence for a two-step envelopment process in herpesviruses.
Herpesvirus virions consist of four morphologically differentiable components: the inner nucleoprotein core, which contains the genomic linear double-stranded DNA; the icosahedral capsid, comprising 150 hexamers and 12 pentamers; the tegument, which appears as an amorphous material in the electron microscope; and the envelope, a cell-derived lipid bilayer in which virus-encoded (glyco)proteins are embedded (35) . Herpesvirus infection is initiated by the interaction of viral envelope glycoproteins with cellular surface components acting as virus receptors, followed by fusion of the lipid envelope with the cellular plasma membrane (29, 39) . Capsids are released into the cytoplasm and transported to the nuclear pores, where they transmit their DNA into the nucleus. Whereas these entry steps during herpesvirus infection are undisputed, herpesvirus egress is still a matter of debate.
It was proposed for herpes simplex virus type 1 (HSV-1) that after intranuclear assembly, capsids bud through the inner nuclear membrane, thereby acquiring an envelope; the complete virion then traverses the secretory pathway, and membrane glycoproteins present in the primary envelope are modified during transit through the different endoplasmic reticulum (ER) and Golgi compartments (19) . However, primarily morphological and limited biochemical evidence from different herpesvirus-host cell systems, e.g., pseudorabies virus (PrV), varicella-zoster virus (VZV), and human cytomegalovirus (HCMV), indicated a different virion morphogenesis pathway. For these viruses, it was proposed that the primary envelope of perinuclear virions is lost by fusion with the outer nuclear membrane and that capsids are thereby released into the cytoplasm. This notion could explain the high number of naked intracytoplasmic capsids. Moreover, stages of budding into vesicles in the trans-Golgi region were frequently observed, indicating acquisition of a secondary (and final) envelope by this mechanism (13, 15, 33, 43, 46) . Recent biochemical data obtained with mutated viral glycoproteins which were specifically targeted to the ER and Golgi region also favored this model for HSV-1 (6, 44) . However, conclusive evidence is still lacking.
We recently demonstrated that the envelope of perinuclear pseudorabies virus virions is morphologically distinct from that of mature virions (15) in that it lacks the characteristic surface projections (spikes) which, by immunogold labeling, have been shown to consist of viral glycoproteins. Moreover, the appearance of tegument material in perinuclear virions is morphologically distinct from that of intracytoplasmic and extracellular virions after final envelopment (15) . Thus, perinuclear virions and intracytoplasmic and extracellular virions clearly have different appearances.
The molecular basis for viral egress is only incompletely understood. It has been shown for PrV and HSV-1 that the UL20 and gK proteins play a role in egress (1, 2, 9, 11, 16, 17, 18, 24, 42) . Moreover, we recently demonstrated an important role for PrV glycoproteins E, I, and M in this process (3) . In the absence of the latter three glycoproteins, intracytoplasmic capsids accumulate in association with amorphous material which labels with an antibody against the tegument protein UL49 (4). In the absence of the PrV UL3.5 protein, intracytoplasmic capsids accumulate and secondary envelopment does not occur (12) .
Recently, egress of HSV-1 capsids from the nucleus has been found to require the UL34 protein (36), a putative membrane protein (32) . Secondary structure analysis of the deduced amino acid sequence of the HSV-1 UL34 protein shows that it contains a C-terminal hydrophobic region which could serve as a transmembrane anchor. However, a previously suggested signal sequence (32) is probably not present. Surprisingly, the UL34 protein has also been detected in mature HSV-1 virions and has been proposed to interact with cytoplasmic dynein during virus entry. This interaction should tar-get incoming capsids to the nuclear membrane (45) . Since UL34 is proposed to be a membrane protein, its presence in mature extracellular virions could be interpreted differently when considering the different egress scenarios. In the singleenvelopment model, UL34 should be present in the envelope of perinuclear virions and retained through passage through the secretory pathway. In the double-envelopment model, UL34 has to be present in the trans-Golgi vesicles to finally appear in mature virions. We wanted to analyze the localization and function of the UL34 homolog of PrV, an alphaherpesvirus of swine, which in many ways is similar to HSV-1 (30) . To this end, we sequenced the UL34 gene, prepared a monospecific antiserum, established a cell line constitutively expressing UL34, and isolated a UL34 deletion mutant.
MATERIALS AND METHODS
Viruses and cells. All PrV mutants are based on the wild-type laboratory strain PrV-Ka (21) . PrV-9112C2 expresses the glycoprotein B (gB) gene of bovine herpesvirus 1 (BHV-1) instead of the PrV gB gene. In vitro, this virus is phenotypically similar to PrV-Ka (26) . gB-negative (gB Ϫ ) PrV was propagated on gB-expressing cells (34) . Viruses were grown on rabbit kidney (RK13) cells in Eagle's minimum essential medium supplemented with 10% fetal calf serum.
Sequencing. For sequence determination, SalI subfragments of BamHI fragment 1 were cloned into pUC19 and termini were sequenced. The region of interest was found to reside on subfragments 1B and 1C. Fragment Sal-1C was subcloned as 668-bp NruI/SalI and 454-bp NcoI/SalI fragments. Fragment Sal-1B was subcloned as PstI fragments of 891 and ca. 3,600 bp. The 891-bp PstI fragment was further shortened by cleavage with SphI and SmaI. Moreover, a 1,262-bp SalI/HinfI fragment was obtained (see Fig. 1A and B for locations of fragments and cleavage sites). Sequencing was performed using the dideoxy chain termination method (38) with double-stranded plasmid DNA and pUCspecific primers (ThermoSequenase primer cycle sequencing kit with 7-deazadGTP; Amersham Pharmacia Biotech, Freiburg, Germany) on an automatic sequencer (LI-COR 4200; MWG Biotech, Ebersberg, Germany). Ambiguous sequences were resequenced manually with a T7 sequencing kit and deaza-G/A T7 sequencing mixtures (Amersham Pharmacia Biotech) to verify correct sequences (22) . The boundary between subfragments Sal-1B and Sal-1C was sequenced with specific primers (Sal-1B3Sal-1C: 5Ј-GATGAGCTTCAGGCGTT GGACCAGG-3Ј, nucleotides 759 to 735 in GenBank accession no. AJ276165 [see below]; Sal-1C3Sal-1B: 5Ј-GCCCTATAAAGTCCGCCGCCCGACC-3Ј, nucleotides 557 to 581 in GenBank accession no. AJ276165). Sequence analysis was performed with the GCG software package (Wisconsin Package version 10.0; Genetics Computer Group, Madison, Wis.).
Preparation of monospecific antisera. To obtain an antiserum specific for the UL34 protein, a 681-bp fragment containing codons 1 to 220 of the UL34 gene with an EcoRI site at the 5Ј end and an XhoI site at the 3Ј end for convenient cloning was created using Platinum Pfx DNA polymerase (Life Technologies, Karlsruhe, Germany). The forward primer was UL34for (5Ј-CACAGAATTCC ATGAGCGGCACCCTGGTCC-3Ј [nt 723 to 742], EcoRI site in italics and initiation codon in bold), and the reverse primer was UL34rev (5Ј-CACACTC GAGACGCGGCCTGGCCCACG-3Ј [nt 1384 to 1368], XhoI site in italics). The fragment was cloned into expression vector pGEX-4T-3 (Amersham Biotech Pharmacia) and expressed in Escherichia coli. A ca. 50-kDa glutathione S-transferase (GST) fusion protein was purified by polyacrylamide gel electrophoresis, electroeluted, and used for three immunizations of a rabbit with 100 g of protein each at 4-week intervals. For preparation of an antiserum specific for the major capsid protein, the product of UL19 gene codons 954 to 1330 (nt 5874 to 7023 in GenBank accession no. L00676) (23) was expressed as a 67-kDa GST fusion protein, electroeluted after polyacrylamide gel electrophoresis, and used for immunization of a rabbit as described above.
Isolation of UL34-expressing cells. For the construction of a complementing UL34-expressing cell line, a 954-bp SalI/XhoI subfragment of Sal-1B was inserted into pcDNA3 (InVitrogen, Groningen, The Netherlands) to yield pcDNA-UL34. Using SuperFect (Qiagen, Hilden, Germany), RK13 cells were then transfected with pcDNA-UL34, which contains the UL34 gene under the control of the HCMV immediate-early promoter-enhancer. Transfectants were selected with 500 g of Geneticin (Life Technologies) per ml and tested for UL34 expression by indirect immunofluorescence and Western blotting using the monospecific UL34 antiserum. One cell clone, designated RK13-UL34, was selected for further experiments.
Isolation of a UL34-negative PrV mutant. For isolation of a UL34-negative PrV mutant, a method devised in our laboratory and designated heterologous cis complementation was used; this method allows easy selection of desired viral mutants (12) . It is based on the ability of BHV-1 gB to functionally complement deletion of the PrV gB gene (26) , which is lethal to the virus (34) . To this end, DNA of gB Ϫ PrV was cotransfected with plasmid p⌬UL34B (see Fig. 1 ) into RK13-UL34 cells by calcium phosphate precipitation (14) . This plasmid contains a ca. 5.5-kbp BstEII fragment in which the UL34 coding sequence has been partially deleted, including the start codon, and a BHV-1 gB expression unit has been inserted instead (see Fig. 1C ). Transfer of the mutated sequences into the viral genome by homologous recombination should result in deletion of the parental UL34 gene and concomitant insertion of the BHV-1 gB gene into the gB Ϫ PrV genome. Thus, recombinant viruses should no longer depend on trans-complementation by gB-expressing cells but will rely on UL34-expressing cells in case this protein is essential. After cotransfection, progeny plaques were picked and purified three times, and viral DNA was analyzed by Southern blotting (37) . One mutant, designated PrV-⌬UL34B, was randomly chosen for further testing.
Plaque assay and one-step growth analysis. An assay for plaque formation was performed as described previously (25) . For analysis of one-step growth, RK13 and RK13-UL34 cells were infected with PrV-9112C2 or PrV-⌬UL34B at a multiplicity of infection (MOI) of 10. After 1 h at 4°C, the inoculum was removed, prewarmed medium was added, and virus was allowed to penetrate for 1 h at 37°C. The remaining extracellular virus was inactivated by low-pH treatment (9) . Immediately thereafter and after 4, 8, 12, 24 , and 36 h, cells were scraped into the supernatant. After one freeze (Ϫ70°C)-thaw (37°C) cycle, cellular debris was pelleted, and the supernatant was titrated on RK13-UL34 cells. Average values and standard deviations of two independent experiments were calculated.
Virus purification. For virus purification, cells were infected with wild-type PrV at an MOI of 0.1 and incubated until complete cytopathic effect developed. Remaining intact cells were lysed by freezing (Ϫ70°C) and thawing (37°C), cellular debris was removed by low-speed centrifugation, and the virus-containing supernatant was precleared by centrifugation through a 30% sucrose cushion. The pellet was resuspended in TBSal (200 mM NaCl, 2.6 mM KCl, 10 mM Tris-HCl [pH 7.5], 20 mM MgCl 2 , 1.8 mM CaCl 2 ) and layered onto a discontinuous sucrose gradient (30, 40 , and 50% sucrose). Virions accumulated at the boundary between 40 and 50% sucrose and were harvested by aspiration, pelleted, and resuspended in TBSal.
Western blotting and immunofluorescence. Western blotting of infected-cell lysates or purified virions was performed as described previously (9) using monospecific antisera against the UL34 (dilution, 1:100,000) and UL19 (dilution, 1:1,000,000) proteins, glycoprotein H (gH) (GST-gH; dilution, 1:50,000) (25) , and the UL49 protein (dilution 1:100,000) (4) or anti-glycoprotein C (gC) monoclonal antibody (MAb) B16-c8 (dilution, 1:100) (25) .
For immunofluorescence, transfected and infected RK13 cells were fixed with 3% paraformaldehyde for 20 min and permeabilized with 3% paraformaldehyde-0.3% Triton X-100 for 10 min. Alternatively, cells were fixed with 80% ethanol. Cells were analyzed as described previously (31) using an LSM 510 laser scanning microscope (Zeiss, Oberkochen, Germany).
EM and immunolabeling. For routine electron microscopy (EM), noninfected RK13 and RK13-UL34 cells and PrV-infected RK13 cells were fixed for 60 min with 2.5% glutaraldehyde buffered in 0.1 M sodium cacodylate (pH 7.2), 300 mosmol; Merck, Darmstadt, Germany). They were then scraped off the plate, pelleted by low-speed centrifugation, and embedded in low-melting-point agarose (Biozym, Oldendorf, Germany). Small pieces were postfixed in 1.0% aqueous OsO 4 (Polysciences Europe, Eppelheim, Germany) and stained with uranyl acetate. After stepwise dehydration in ethanol, the cells were cleared in propylene oxide, embedded in Glycid Ether 100 (Serva, Heidelberg, Germany), and polymerized at 59°C for 4 days.
For intracellular labeling of viral proteins, cells were fixed with 0.5% glutaraldehyde in phosphate-buffered saline (PBS) (pH 7.2) for 30 min, embedded in low-melting point agarose, and postfixed in the above fixative for 30 min. Thereafter, samples were blocked with 0.5 M NH 4 Cl in PBS for 60 min, washed in PBS, stained in 0.5% aqueous uranyl acetate for 15 min, dehydrated in ethanol under progressive lowering of temperature, embedded in the acrylic resin Lowicryl K4M (Lowi, Waldkraiburg, Germany) at Ϫ35°C, and polymerized by UV light (, 360 nm) (7). Postembedding labeling of ultrathin sections was performed after blocking of surfaces with 1% cold-water fish gelatin-0.02 M glycine-1% bovine serum albumin fraction V (Sigma, Deisenhofen, Germany) in PBS by either overnight incubation at 4°C or 2 h of incubation at room temperature with monospecific anti-UL34 or anti-UL49 serum diluted in PBS-BSA. Diluted goldtagged goat anti-rabbit antibodies or protein A-gold (GAR 10 or PAG 10 ; British BioCell International, Cambridge, United Kingdom) was added for 60 min at room temperature, and excess antibodies were removed by washing. The specificity of the reaction was controlled on uninfected and infected RK13 cells by using a gold conjugate without a primary antibody and by using non-herpesvirus protein-specific antibodies (anti-Newcastle disease virus antibodies). Ultrathin sections of conventionally embedded material and labeled Lowicryl sections, counterstained with uranyl acetate and lead salts, were examined with a model 400T electron microscope (Philips, Eindhoven, The Netherlands).
Nucleotide sequence accession number. The sequence obtained has been deposited in GenBank under accession no. AJ276165.
RESULTS
Sequence and expression of PrV UL34. The sequences of the UL33, UL34, and UL35 genes of PrV were established (Gen-Bank accession no. AJ276165) (Fig. 1) . The properties are listed in Table 1 . All three genes reside in colinear positions with their homologs in the genomes of HSV-1 (28), equine herpesvirus 1 (EHV-1) (40), and VZV (8). Secondary structure prediction for the UL34 protein suggested that it does not contain an N-terminal hydrophobic region which could function as a signal sequence but does have a potential C-terminal membrane anchor (Fig. 1F) . Thus, the UL34 protein would represent a type II C-terminally anchored membrane protein similar to the U S 9 protein of PrV (5, 27) .
To monitor the expression of the UL34 protein in virusinfected cells, RK13 cells were infected at an MOI of 10 with either PrV-9112C2 or PrV-⌬UL34B and incubated on ice for 1 h. Thereafter, the inoculum was removed, and prewarmed medium was added. Immediately (time zero) and at different times thereafter, cell lysates were prepared and analyzed by Western blotting using the anti-UL34 serum. As shown in Fig.  2 , upper left panel, the ca. 28-kDa UL34 protein was first detected 4 h after infection with PrV-9112C2, and the amount increased until 7 h postinfection (p.i.). For comparison, parallel blots were probed with the anti-UL49 serum (Fig. 2 , middle left panel) and an anti-gC MAb (Fig. 2, lower left panel) . The 33-kDa UL49 protein, which is homologous to HSV-1 VP22, was present in PrV-9112C2-infected-cell lysates as early as 3 h p.i., and the amount increased until 8 h p.i. At late times after infection, a higher-molecular-weight protein which might represent an oligomeric form of the protein was also specifically detected by the antiserum. The late gC protein was not detected before 6 h after PrV-9112C2 infection, and the amounts increased thereafter.
The PrV UL34 protein is not detected in extracellular virions. Extracellular PrV particles were purified by sucrose step gradient centrifugation. They were then lysed and analyzed by Western blotting. No reactivity with the anti-UL34 serum was observed in lysates of purified virions (Fig. 3A, lane 3) , whereas the UL34 protein was readily demonstrated in lysates of infected cells (Fig. 3A, lane 1) . In lysates of mock-infected cells, no signal was observed (Fig. 3A, lane 2) . Thus, UL34 does not appear to be a structural component of PrV virions. In con-FIG. 2. Expression kinetics. RK13 cells were infected at an MOI of 10 with PrV-9112C2 (left panels) or PrV-⌬UL34B (right panels). Cell lysates were prepared at the indicated times (hours) and analyzed in Western blots using monospecific antiserum against the UL34 or UL49 protein and a gC-specific MAb.
FIG. 3. Western blot of infected cells and purified virions.
Lysates of RK13 cells infected with wild-type PrV (lanes 1) or mock infected (lanes 2) were analyzed by Western blotting, as were purified wild-type PrV virions (lanes 3). Blots were probed with monospecific antisera against the UL34, UL49, UL19, gH, and UL50 proteins. trast, the UL49 protein was present in infected cells and purified virions (Fig. 3B, lanes 1 and 3) , as was the UL19 (major capsid) protein (Fig. 3C, lanes 1 and 3) and gH (Fig. 3D, lanes  1 and 3) . The virus-encoded dUTPase, a nuclear protein which previously had been shown to be absent from virus particles (20) , was detected in infected-cell lysates (Fig. 3E, lane 1) but not in purified virions (Fig. 3E, lane 3) .
The PrV UL34 protein is present in the nuclear membranes of transfected and infected cells. To analyze the intracellular localization of the PrV UL34 protein with and without ongoing virus infection, cell clones stably expressing UL34 were isolated using the monospecific anti-UL34 serum for immunofluorescence screening. A representative cell clone, RK13-UL34, was further analyzed. Besides producing diffuse staining in the cytoplasm with a sometimes speckled appearance, the anti-UL34 serum also produced perinuclear fluorescence in permeabilized RK13-UL34 cells (Fig. 4A) ; however, it did not react with nonpermeabilized cells (Fig. 4B) or normal RK13 cells (Fig. 4C ). After infection with PrV-9112C2, bright perinuclear fluorescence was observed (Fig. 4D) . Weaker cytoplasmic fluorescence, probably explained by UL34 being synthesized at cytoplasmic ribosomes, also occurred (see below). Nonpermeabilized RK13 cells infected with PrV-9112C2 showed only weak cytoplasmic staining, which was probably due to cellular damage and subsequent accessibility of the interior of the cell to the antibodies (Fig. 4E) . Permeabilized RK13 cells infected with PrV-⌬UL34B did not react with the anti-UL34 serum (Fig. 4F) .
Immunogold labeling of RK13-UL34 cells demonstrated specific labeling of the nuclear membrane, with labeling detected in both lamellae (Fig. 5C and D) . Label was also detected dispersed in the cytoplasm and associated with free ribosomes (Fig. 5C) . Thus, in constitutively expressing cells, the UL34 protein is present in the nuclear membrane in the absence of other viral gene products. Virus-expressed UL34 also localized to the nuclear membrane (Fig. 6E) . Interestingly, virus particles in the perinuclear space showed heavy labeling of UL34 in their membranes, demonstrating that these particles carry the UL34 protein in the envelope (Fig. 6G) . However, no labeling of intracytoplasmic (Fig. 6C) or extracellular (Fig. 6A) enveloped particles was observed, indicating that UL34 is not present in their envelopes. This result correlates with the Western blot analysis of purified extracellular virions. Thus, by two different methods, Western blotting and EM with immunogold labeling, we were not able to detect the UL34 protein in mature virions carrying their final envelopes, whereas UL34 was clearly present in the envelopes of perinuclear virions.
The PrV UL49 protein is present in intracytoplasmic and extracellular virions but absent from perinuclear virus particles. The UL49 protein of PrV, a homolog of the HSV-1 tegument protein VP22, has recently been shown to be present in the large intracytoplasmic inclusions formed during infection of noncomplementing cells with a PrV-gE/I/M Ϫ triple mutant (4). To assay for the presence of UL49 in perinuclear or mature virions, immunogold labeling of thin sections was performed with the monospecific anti-UL49 serum (Fig. 6B, D,  F, and H) . The anti-UL49 serum labeled intracytoplasmic (Fig.  6D) and extracellular (Fig. 6B) virions but did not detect any protein in perinuclear virus particles (Fig. 6H) . Moreover, no UL49 protein was found in or adjacent to the nuclear membrane (Fig. 6F) . Thus, perinuclear virions contain UL34 and lack UL49, and intracytoplasmic and extracellular virions lack UL34 and contain UL49.
The PrV UL34 protein is essential for productive replication. To assay for the function of the UL34 protein during PrV replication, a UL34 deletion mutant was isolated on RK13-UL34 cells by use of a heterologous complementation assay. The genome of the resulting mutant, PrV-⌬UL34B, was analyzed by Southern blot hybridization and found to contain the expected fragment pattern (data not shown). To assay for the absence of UL34 in mutant virus-infected cells, RK13 cells were infected with PrV-⌬UL34B which had been propagated on UL34-expressing cells. At various times p.i., the expression of UL34 was monitored by Western blotting of infected-cell lysates. As shown in Fig. 2 , upper right panel, no UL34 protein was detectable at any time point, whereas the UL49 tegument protein (Fig. 2 , middle right panel) and gC (Fig. 2 , lower right panel) were readily demonstrable but appeared with a delay of ca. 2 h compared to the results for PrV-9112C2-infected cells. That UL34 was indeed required for productive PrV replication could be shown by plaque assays and one-step growth kinetics. In the absence of the UL34 protein, PrV produced only infected single cells or small foci of infection, and no further spread occurred (Fig. 7) . Plaque formation was restored on RK13-UL34 cells. In one-step growth (Fig. 8) , after infection of RK13-UL34 cells with PrV-⌬UL34B, levels of infectious progeny similar to those obtained with PrV-9112C2-infected RK13 or RK13-UL34 cells were obtained. However, titers of PrV-⌬UL34B grown on RK13 cells were approximately 3 orders of magnitude lower (Fig. 8) . Thus, the UL34 protein is necessary for efficient productive PrV replication.
The PrV UL34 protein is required for primary envelopment. To locate the replication defect in PrV-⌬UL34B, RK13 (Fig.  9A to G) and RK13-UL34 (Fig. 9H and I) cells were infected at an MOI of 0.5 with PrV-⌬UL34B which had been propagated on UL34-expressing cells and were analyzed electron microscopically 14 h p.i. After infection of RK13 cells, neither perinuclear virions nor any intracytoplasmic or extracellular capsids or virions were observed, whereas intranuclear capsids were readily visualized (Fig. 9A) . However, light (L) particles were formed in the cytoplasm and released (Fig. 9B) . As expected, no specific labeling with the anti-UL34 serum was detected in PrV-⌬UL34B-infected RK13 cells in either the nuclear membrane (Fig. 9C) or intracytoplasmic L particles (Fig. 9D) . In contrast, the anti-UL49 serum decorated intracytoplasmic (Fig. 9F) and extracellular (Fig. 9G) L particles, indicating that they contain the UL49 protein. As expected, the anti-UL49 serum did not label the nuclear membrane (Fig.  9E) . In RK13-UL34 cells, all stages of virion maturation were observed after infection with PrV-⌬UL34B, including secondary envelopment in the cytoplasm (Fig. 9H ) and release of mature virions (Fig. 9I) . Also, labeling with the anti-UL34 serum was detected (data not shown). Thus, the absence of UL34 arrests viral morphogenesis before budding of capsids through the inner lamella of the nuclear membrane. However, the UL34 protein is apparently not required for envelopment of the tegument in the cytoplasm resulting in L particles. 
DISCUSSION
The mechanism and molecular basis for the envelopment and egress of herpesvirus particles are still largely unknown. It is generally accepted that after intranuclear capsid assembly and packaging of genomic DNA, capsids bud at the inner nuclear membrane into the perinuclear space, thereby acquiring a first envelope (35) . However, controversy exists about the following steps in egress. Whereas for HSV-1 retention of the primary envelope and transport of the complete virus particle through the ER and Golgi region in the secretory pathway were suggested (19) , for PrV, VZV, and HCMV it was proposed that the primary envelope is lost by fusion with the outer leaflet of the nuclear membrane or ER and that naked capsids are released into the cytoplasm. They then acquire their second (and final) envelope by budding into vesicles in the transGolgi region which contain processed viral glycoproteins (13, 15, 33, 43, 46) .
We show here that the PrV UL34 protein localizes to the nuclear membrane when expressed either without other viral genes in stably transfected cells or during virus infection. Moreover, UL34 is present in the envelope of virions found in the perinuclear space. It is, however, undetectable in intracytoplasmic or extracellular virus particles, indicating either selective loss of UL34 during passage through the secretory pathway in the single-envelopment model or loss by fusion of the primary envelope with the outer leaflet of the nuclear membrane; the latter appears to be the more probable scenario. Interestingly, UL34 localizes to both leaflets of the nuclear membrane in transfected and infected cells. By the absence or presence of UL34, first and final envelopes can be distinguished clearly.
Retention of the primary envelope in the single-envelopment model also implies that tegument proteins are incorporated into virions in the nucleus. However, we detected the prominent tegument protein UL49 (homologous to HSV-1 VP22) exclusively in intracytoplasmic and extracellular virions or L particles, which lack capsids. No labeling with the anti-UL49 serum was detected in enveloped virions in the perinuclear space. Thus, UL49 appears to be either enriched in mature particles or added only during secondary envelopment. Taken together, these data clearly favor the deenvelopmentreenvelopment way of herpesvirus egress.
In PrV, the UL34 protein is not detected in extracellular virions by either Western blotting of virion lysates or immunogold labeling with the monospecific UL34 antiserum. Although it could be argued that UL34 may be modified, e.g., by phosphorylation, as has been shown for the HSV-1 UL34 protein (32) , and may then no longer be recognized by our serum, we consider this possibility highly unlikely. The antiserum was prepared against a large portion of the protein, and it reacted very well in Western blotting and immuno-EM analyses (this study) and radioimmunoprecipitation assays (data not shown). Thus, the PrV UL34 protein is apparently absent from extracellular infectious virus and, therefore, should not play a role in PrV entry. This notion is in contrast to the situation for HSV-1, in which the UL34 protein has been described as a minor component of virions which, by interacting with cytoplasmic dynein, is involved in the transport of incoming capsids to the nuclear pore (45) . Interestingly, the product of the Epstein-Barr virus BFRF1 gene, a positional homolog of UL34, is also detected in extracellular virions (10) .
In the absence of the UL34 protein, neither virions in the perinuclear space nor intracytoplasmic capsids or virions or extracellular virus progeny were observed by EM. Thus, the UL34 protein is required for capsids to leave the nucleus. It is, however, not necessary for the formation of L particles, which contain tegument and envelope but lack capsids. Thus, the secondary envelopment in the cytoplasm obviously requires only tegument protein and trans-Golgi vesicles with viral glycoproteins. This notion correlates with previous findings that a block in capsid assembly does preclude the formation of infectious PrV virions but not the formation of PrV L particles (T. C. Mettenleiter et al., unpublished data). Consequently, L particles are labeled with the anti-UL49 serum but are not stained with the anti-UL34 serum.
The UL34 protein is moderately conserved in sequences within the Alphaherpesvirinae, and positional homologs are present in the other two subfamilies of the Herpesviridae (28). Thus, the described function may apply for all herpesviruses, a notion which appears reasonable for such a crucial step in virion morphogenesis. However, we cannot exclude the possibility of distinct functions for the different UL34 homologs in these viruses or the possibility that the UL34 protein constitutes a multifunctional protein.
The UL34 protein of HSV-1 is phosphorylated by a viral kinase encoded by the US3 gene (32) . In PrV, a US3 deletion mutant has been observed to accumulate enveloped virus particles in the perinuclear space (41) . Therefore, in the absence of UL34, budding at the inner nuclear membrane does not occur, whereas in the absence of US3 (and possibly a lack of phosphorylation of UL34), deenvelopment at the outer nuclear membrane seems to be blocked. Since UL34 has been shown by us to be located in both leaflets, the phosphorylation state of the UL34 protein may well account for these different functions. Which role the UL34 protein, as a constituent of the primary envelope of perinuclear virions, plays in the fusion process is unclear.
